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ORNL/PPPL LDRD terascale/multiscalerME DI projech

m |[mproved efficiency of M3D (extended Mk D)iana D L FASD
(neoclassical transport in 3D systems)

e Cray X1E, Cray XT3 NLCF systems magnetic
m Development of particle-based closure relations
® Island regions analogous to “stellarator withinra tokamak:

island chain

m K. C. Shaing, Phys. Plasmas 11, 625 (2004);
10, 4728 (2003), 9; 3470 (2002)

e 3D variation of |B| significantly modify local ripple, cross-
field transport, local bootstrap current, flow damping
m Merging of extended MHD with neoclassical
particle closure

e New data compression, noise reduction techniques
developed based on principal orthogonal
decomposition/SVD methods

e Applicable both to data from MHD -> particles and
particles-> MHD



e Collisions introduce new timescales

m lengthy evolution'to steady statexespPeECIallyEaisow
collisionalities

m [ime-averaging needed (oiremove noIse intiedtcedt by,
lLangevini collision operator;

—

e New of partitioning

m \Want to avoid calculating quantities (flows, macroscopic
gradients) that are already evolved by the MHD model

e New data compression/smoothing methods
m Interpolated M3D data noisy, not local to each processor
m Particle data noisy, scattered over many processors
m Need to package data for heterogeneous systems




e M3D to DELTASD coupling

B data compression (3DrSVD method)
B noise reduction, smoothing
B particles assigned to processors
e Particle closure relation
m new of method

m preserves fluid flow velocities from M3D
m calculates viscosities

e DELTASD to M3D coupling

m data compression

B--noise-reduction;-smoothing-(3D-SVD-method)




Need for following particlesimultiplerstepss
between MHD steps

m Physics reason: collisional evelution

m Computational reason: noise reduction; filtering

Data compression
B Improved scatter operations
m Assign particles to processors or regions

Discretization error smoothing in MHD code data

Performance issues
m Cache paging




—

e SVD (Singular Value:Decomposition)
e POD (Principal Orthogonal: Decompaosition)

m Extracts “"dominant features” and coherent structures

m Compresses information; into'a few: low order. weightsrand
orthonormal eigenfunctions

m 2D data - standard method

NINJ
© r(N,+N,+1)

data compression ratio = R =

r = # of terms in k summation

m 3D data
e Generalized low rank approximation (GLRA)
e Stacking (folding) methods
e 2D SVD + Fourier decomposition in toroidal angle




2 N terms A<< N

NS Strategy: combine 2-D SVD" fit (R,Z) with
DN 1-D Fourier series ()

"SVD: Singular value decomposition



—

e GLRA (Generalized Low Rank Approxmatlon') ethoe
recently developed o ——
m J. Ye in 21st International Conference on:MachinerLearning, (2004)

m D. del-Castillo Negrete, D. Spong, E. D’Azevedo, S: Hirshman,
“Compression of MHD: Simulation' Data, Using: SV/D}in' preparation

e lterative algorithm for minimizing Frobenius norm: between

3D data and GLRA matrix form:

Nk

S la,-LD,R"|  (a),=4,

k=1

LeR™ and L eR"”™ are 2D matrices independent of k

m Analogous to 2D SVD (N, = 1 limit), but iteration required and D,
matrices are not dlagonar




3D Spline




3D Spline
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Closure relations: enter throughrthe momentimtala
equation and Ohm’s law: e

nm(%+V-V)V=—Vp—V-H+JXB

(LV v),,__ypv V+(y-1)(Q-V-q)

ot
E:—V><B+17J+i(J><B—VPe—V'Hne)

ne

Moments hierarchy closed by I1= functionofn, T, V, B, E
Requires solution of Boltzmann equation: f = f(x,v,t)
High dimensionality: 3 coordinate + 2 velocity + time




where BlI — heB’
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= [1+TJ - Extension of H - ~ 1-

= Phys. Plasmas 9, 4637-(2002) to

of particle method

+£ﬁx i {u” +(

Vg,V

o

- B B* 3 1
where x=v/v,, U= Pfirsch— Schliiter flow = | 7 | Jor tokamak, P,(y)= — " ——
B| (B) 27 2
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"DKES: Drift Kinetic Equation Solver



0.003

0.0025

0.002

Viscosity coefficients

0.001

Jaguar
(102.4k particles)

Cheetah
(12k particles)

Jaguar
(102.4k particles)

Cheetah
(12K particles)

M*

5107

0.0001 0.00015 0.0002

time (sec)

0.0003



1

(v—wo) /A?

amnc.s (l//) = aOe_




field line
puncture




e Data compression

m Improved gather operations

e Particles discreteness smoothing

m Systematic method for removing high frequency
noise
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Raw particle 40x40 coarse

Monte Carlo data YistrBTGion fin A
—

e

Data representation

Individual particle Tensor product of 1-D
coordinates SVD eigenfunctions

(Ci’ﬁi) f=w ”1(§)®V1(19)

Size 2x%51,200 ~10° Size 1+2%40~10°




SVD spectrum

f=wu(l)®v ()

SVD rank-one
eigenfunctions




e Closure relations
m Calculate usingfields from M3D tearing mode

e Recent data from W. Park, G-Y. Fu
m Study 2D/3D variation of stress tensor
m Time-varying stress tensor - rotating island

m Accelerate slow collisional time evolution of viscosity coefficients

e Test pre-converged restarts
e Equation-free projective integration extrapolation methods

m Green-Kubo molecular dynamics methods - direct viscosity calculation

e DELTA5D/M3D coupling

m Interface, numerical stability, data compression, gather/scatter




e SVD data compression methods developed:for*3Didata

m Typical M3D single timestep. dataseticompressed.byAidClor*OiEa
100 while preserving main: island featuress s

m Systematic, controllable noise reduction/smoothing
m Attractive for particle gather/scatter operations
m Should minimize cache paging

e Particle-based closure methods developed for
neoclassical viscosities

Extension of stellarator methods - applicable to 3D fields

Benchmarked for axisymmetric tokamaks and tokamak + islands

Delta-f method fixes plasma flows and calculates viscosities

Avoids redundant incorporation of MHD flows into particle
population




